Plasmonic nanolasers and spasers continue to attract a great deal of interest from the physics and nanophotonics community, with the experimental observation of lasing as a focus of research. We report the observation of continuous wave lasing in metallic cavities of deep subwavelength sizes under electrical injection, operating at room temperature. The volume of the nanolaser is as small as 0.42λ 3 , where λ = 1.55 μm is the lasing wavelength. This demonstration will help answer the question of how small a nanolaser can be made, and will likely stimulate a wide range of fundamental studies in basic laser physics and quantum optics on truly subwavelength scales. In addition, such nanolasers may lead to many potential applications, such as on-chip integrated photonic systems for communication, computing, and detection. Nanoscale metal-dielectric composite structures have been a subject of ever growing interest in many fields of study such as plasmonics, metamaterials, nanophotonics, nanolasers, and quantum optics. A wide array of interesting phenomena has been predicted or observed. One of the most fundamental issues for all these applications is heating-related metal loss. Thus replacing dielectric materials with gain media such as semiconductors has been considered one of the key options to compensate for metal loss and to eventually enable the realization or observation of these predicted phenomena. An important related question is if the gain medium is capable of overcompensating for metal loss 1 at room temperature (RT), thus allowing RT operation of spasers 1,2 or plasmonic nanolasers, especially under electrical injection. Spasers and plasmonic nanolasers with deep subwavelength cavities represent one of the important frontiers of research in nanophotonics and nanotechnology in general. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] While metals have been used as parts of the laser cavity for long wavelengths, 11 it remains an open question if metals such as silver or gold can be used to make a subwavelength cavity in the near infrared or shorter wavelength, due to dramatically increased metal loss in these wavelengths, especially at RT. 12 Theoretical studies 10, 13 that accounted for wavelength compression and metal loss near surface plasmon polariton (SPP) resonance showed that it was indeed possible to realize a net positive gain in a semiconductor-metal core-shell structure. This was soon verified in an experiment with a semiconductor-metal core-shell structure. 3 While great progress has been made in the past few years in nanolasers with deep subwavelengthsized metal cavities [1] [2] [3] [4] [5] [6] [7] [8] and spacers, 2,9 the realization of RT continuous wave (cw) operation under electrical injection has remained elusive. Despite intensive activities worldwide, subwavelength-cavity RT lasing has been demonstrated only under optical [5] [6] [7] or electrical-pulse pumping, 4 or under cw electrical pumping but at low temperature. 4 RT cw lasing under electrical injection has been observed only for a metallic cavity that is larger than the wavelengths.
14 Since optical pumping can be a near-resonant process with minimum heat generation, the fundamental question remains as to if a metallic subwavelength laser can work at room temperature under electrical injection, which is eventually necessary for any practical applications.
The research into truly nanoscale subwavelength lasers is also part of a long-term endeavor aimed at answering some fundamental questions of laser physics and quantum optics, such as the following:
10 Is there a fundamental size limit to a nanolaser? What is that limit if there is? Size reduction of semiconductor lasers have in the past enabled studies of many rich physics on an ever decreasing spatial scale and the development of many technological applications. The quantum optics and laser physics community has witnessed dramatic progress over the past few decades in making increasingly smaller lasers using pure dielectric structures such as microdisk lasers, [15] [16] [17] photonic wire lasers, 18 photonic crystal (PC) lasers, [19] [20] [21] [22] or nanowire lasers. 10, [23] [24] [25] [26] These lasers represented the smallest lasers made of pure dielectric structures, and further miniaturization becomes exceedingly challenging. Size reduction to true nanoscales encounters a fundamental roadblock imposed by the wavelength involved and the poor confinement of optical modes. 10 The ideas and concepts around spasers 1,2 and plasmonic nanolasers provide important incentives for this pursuit.
This Rapid Communication reports subwavelength metallic-cavity nanolasers operating at room temperature under cw electrical injection. Our devices consist of an InP/InGaAs/InP pillar etched from a wafer grown by metalorganic chemical vapor deposition (MOCVD) with a 20-nm Si 3 N 4 layer on all four sides, as shown in Fig. 1(a) . The device layer forms a three-layer sandwich waveguide in the vertical (z) direction with an index profile of 3.1(InP)/3.4(InGaAs)/3.1(InP), confining light mostly in the InGaAs. This pillar is then encapsulated in silver from all four sides and the top, forming a metal-insulator-semiconductorinsulator-metal (MISIM) waveguide in the horizontal (x and y) directions. 27 Four devices were measured and reported on in the following, as listed in Table I . Emission is collected from the backside of the substrate [as indicated in Fig. 1(b) ] by an objective lens and detected by a spectrometer equipped with a liquid-nitrogen-cooled InGaAs array detector. 27 The light output versus current (L-I ) curve for device 1 with a volume of 0.42λ 3 is shown in Fig. 2(a) . The threshold current is estimated to be ∼1000 μA. The integrated spontaneous emission shows a slower increase and then saturation starts to set in with an increase of injection current, indicating carrier density pinning (somewhat weakly) in the active region, which is an important signature of lasing. The full width at half maximum (FWHM) of the lasing mode shows a rapid decrease first with increasing current and then a gradual saturation to ∼4 nm at 2.04 mA. Such a linewidth behavior is also typical of a laser transition from below to above threshold as the pumping increases. As shown in Fig. 2(b) , the lasing peak blueshifts from 1568 nm well below threshold to 1554 nm at 2.04 mA. At a higher injection current, another lasing peak at 1471 nm emerges. 27 The mode spacing of 83 nm gives a group index of 4.59 by using the standard formula n g =
, where L is the length of the device. Such a high group index is due to the combination of high modal plasmonic dispersion of the waveguide and significant material dispersion. A group index Fig. 1 ).
Generally, larger devices exhibit narrower FWHM at room temperature. Device 2 has a larger volume at 0.95λ 3 and its operation characteristics are shown in Fig. 3 , where the intensity of the lasing mode is plotted in comparison with a nonlasing mode and spontaneous emission [ Fig. 3(a) ]. We see a much weaker increase in spontaneous emission. The nonlasing mode competes with the lasing mode initially, but eventually saturates to give way to lasing. The FWHM decreases from 6.5 nm well below threshold to 3 nm at 1.57 mA at 293 K under dc current injection [ Fig. 3(a) ]. Figure 3(b) shows the linewidth dependence on current at different temperatures. As the temperature increases, the linewidth saturation becomes weaker and at higher values. Several known physical effects are responsible for such a linewidth increase with temperature, including elevated carrier density and a higher active region temperature. The higher threshold leads to more heat generation. The increased temperature leads to higher nonradiative recombination and decreased gain, which further increases the threshold current. Such negative feedback between increased heating and required higher injection current is the main reason for the linewidth increase with temperature. The linewidth of a laser is proportional to (1+α 2 )/P . 29, 30 P is the laser power and α is the linewidth enhancement factor. Due to the higher carrier density required at RT, α is significantly larger than at low density. 31 Since the device cannot be pumped very far above the threshold at RT due to the increased threshold and thermal effect, the output power is significantly lower. A smaller output power and a larger α both lead to a larger linewidth. We believe that a significant improvement in heat dissipation can lead to a much reduced linewidth in the future.
To shed more light on the modal properties of nanocavity lasers, mode patterns and polarization properties are studied by a combination of experimental measurement and simulation for two more devices (devices 3 and 4) at 100 K, as shown in Fig. 4 . Two modes from each device were studied at λ 1 = 1532 nm (mode 1, or M1) and λ 2 = 1540 nm (mode 2 or M2) for device 3 and λ 1 = 1428 nm (M1) and λ 2 = 1433 nm (M2) for device 4. Polarization-resolved light intensity for these two modes is shown in Figs. 4(j) and 4(k) , respectively. The maxima of the polarized intensity are in the y direction (zero-degree angle in the figure) for M1 of both devices, while M2 shows a roughly opposite behavior with the minimum shifted by ∼20
• from the maximum of M1. The large contrast of M1 for device 3 indicates that the light output is a predominantly linearly polarized along one direction, while M1 for device 4 is less polarized with a smaller contrast. This is consistent with the aspect ratio of the x-y cross sections of the two devices. Simulations using COMSOL found two modes at 1550 and 1565 nm for device 3, in agreement with the experimental values. The near-field patterns in Figs. 4(a)-4(d) for M1 and Figs. 4(e)-4(h) for M2 show that M1 is mostly confined in the gain medium and is dominated by E z , while M2 is mostly in the dielectric gap and is dominated by E x . The far field of M1 and M2 was calculated using an equivalent surface approach 32 and is shown to be dominated by E y and E x , respectively, consistent with the experimental measurements shown in Figs. 4(j) and 4(k) . The L-I curve of device 3 [ Fig. 4(i) ] shows that M1 eventually becomes a lasing mode, while M2 saturates after the threshold. This can be understood from the simulation, since M1 is mostly confined in the gain medium with a much bigger confinement factor 33, 34 than M2. The consistency between the experimental and simulation results further validates our overall understanding of the features of the nanolasers. Based on the similarity between devices 1 and 3 and between devices 2 and 4, we expect that the lasing modes discussed previously for devices 1 and 2 are M1-like, both with significant E x and E z components. The E z component is approximately three times larger than E x . If one associates E x and E z with plasmonic and photonic modes, respectively, then the lasing modes are likely to be mixtures with a larger photonic component.
In summary, we demonstrate cw RT lasing under electric injection in two of the metallic cavity lasers with a total volume that is smaller than λ 3 . Currently the device performance is still limited by significant heating. Improvement of the device design and optimization of the thermal packaging are key factors for further improvements in device performance. Since metallic cavities provide a much smaller physical separation between the active regions and the metals than do traditional dielectric cavity devices, we believe that future generations of devices will allow much improved heat dissipation and device performance.
Our results represent an important step in the development of nanolasers with a deep subwavelength volume and pave the way for many practical applications of nanolasers, such as on-chip integrated optical interconnects for future computing and communications, and for on-chip integrated detection and sensing systems. From a fundamental physics point of view, our results show that metal loss can be overcome by a semiconductor gain medium even at room temperature, under cw electrical injection, and in the near-infrared wavelengths. Since metallic structures are indispensable for many interesting physics phenomena in metamaterials, active plasmonics, spasers, and subwavelength nanolasers, it is fundamentally important to demonstrate that metal loss can be overcompensated for under realistic conditions. Thus these results will impact all these areas where composites of metallic and semiconductor structures are required, since heatingrelated metal loss has been a major deciding factor for all these applications. In addition, deep subwavelength lasers will 041301-3 provide a different platform for the study of many fundamental issues in laser physics and quantum optics, just as microcavity lasers have done over the past two decades. Many interesting developments are expected in these fields.
